We report updated results for the first 7 years of our program to monitor 27 galaxies within 10 Mpc using the Large Binocular Telescope to search for failed supernovae (SNe) -core-collapses of massive stars that form black holes without luminous supernovae. In the new data, we identify no new compelling candidates and confirm the existing candidate. Given the 6 successful core-collapse SNe in the sample and one likely failed SN, the implied fraction of core-collapses that result in failed SNe is f = 0.14 +0.33 −0.10 at 90% confidence. If the current candidate is a failed SN, the fraction of failed SN naturally explains the missing high-mass red supergiant SN progenitors and the black hole mass function. If the current candidate is ultimately rejected, the data implies a 90% confidence upper limit on the failed SN fraction of f < 0.35.
INTRODUCTION
While all stars with M ∼ > 8 M must undergo core collapse, the core-collapse supernova (SN) explosion mechanism is not fully understood. Despite decades of effort, simulations have difficulty producing robust SN explosions except at the very bottom of this mass range (Janka 2012; Dolence et al. 2015; O'Connor & Couch 2015; Skinner et al. 2015; Summa et al. 2016; Suwa et al. 2016; Janka et al. 2016) . While a majority of core collapses must produce SNe, there is no requirement that all must do so, and it has long been expected that the core collapse of high-mass, low-metallicity stars may fail to explode the star (Heger et al. 2003) . More recently, multiple lines of evidence have emerged to suggest that some solar metallicity stars in the local Universe may also result in failed SNe.
First, there is the deficit of higher mass SN progenitors first identified by Kochanek et al. (2008) . Smartt et al. (2009) showed that the mass distribution of identified SN IIP progenitors truncates ∼ 18 M even though stellar models predict that massive stars up to ∼ 25 M should end their lives as red supergiants (RSG) and dubbed this discrepancy the "red supergiant problem." This result was confirmed in the study of stellar populations near SN remnants by Jennings et al. (2014) . Even if SN theory cannot yet reliably reproduce the explosion energies of SNe, it can predict the relative "explodability" of SN progenitors, and studies have consistently shown that the mass range of missing RSG SN progenitors (18 − 25 M ) corresponds to progenitor structures that are more difficult to explode (O'Connor & Ott 2011; Ugliano et al. 2012; Pejcha & Thompson 2015; Nakamura et al. 2015; Ertl et al. 2016; Sukhbold et al. 2016) . The existence of these failed SNe would also naturally explain the compact object mass function (Kochanek 2014b (Kochanek , 2015 . There is evidence that the massive star formation rate may exceed the SN rate (Horiuchi et al. 2011 , but see Botticella et al. 2012 and Xiao & Eldridge 2015) . Although long-duration gamma-ray bursts (LGRBs) have been linked to the deaths of Wolf-Rayet stars in Type Ic SNe, there have been three nearby LGRBs for which no associated SN was detected with stringent limits, suggesting that in these cases core-collapse failed to produce or eject nickel (Fynbo et al. 2006; Fryer et al. 2007; Micha lowski et al. 2016 , but see e.g., Yang et al. 2015 ). Finally we note that Cygnus X-1 (Mirabel & Rodrigues 2003) and the merging > 20 M black holes detected by Advanced LIGO (Abbott et al. 2016b ) all likely originally formed from failed SNe (Abbott et al. 2016a; Belczynski et al. 2016; Woosley 2016 ).
However, all of this evidence is circumstantial. Real progress requires observing failed SNe and the properties of their progenitors. If the shock produced by the core-collapse fails to explode a star, a range of observational signatures may be possible depending on the progenitor mass, structure, and angular momentum. In some cases the star may simply disappear without any intervening transient (Heger et al. 2003) . In others there may be a short (few-day) blue transient powered by fallback accretion onto the newlyformed black hole (Kashiyama & Quataert 2015) . Another possibility for a RSG progenitor, suggested by Nadezhin (1980) and numerically verified by Lovegrove & Woosley (2013) , is the expulsion of the weakly-bound hydrogen envelope due to the nearly instantaneous loss of gravitational binding energy from neutrino emission. This would result in a 3 − 10 day, 10 7 L shock breakout (Piro 2013 ) followed by a ∼yr, ∼ 4000 K, ∼ 10 6 L transient powered primarily by the hydrogen recombination of the ejected envelope (Lovegrove & Woosley 2013) . Kochanek et al. (2008) proposed and initiated a novel survey monitoring the evolved massive stars in 27 galaxies within 10 Mpc using the Large Binocular Telescope to attempt to directly detect (or at least set meaningful upper limits on) failed SNe arising from RSG progenitors. Rather than rely on a possible intervening transient to identify failed SNe, the survey is designed to detect the one signature common to all failed SN scenarios: the disappearance of the progenitor star. Sensitivity to luminosity changes of 10 4 L in optical filters should be sufficient to detect the disappearance of an evolved ∼ 9 − 30 M star (Gerke et al. 2015b , hereafter referred to as GKS15). Although ground-based telescopes may not be able to resolve individual stars due to crowding, this sensitivity to differential flux can be achieved with image subtraction. In practice, the upper mass limit of this survey approach simply represents masses where progenitors are expected to become stripped Wolf-Rayet stars. The disappearance of many Wolf-Rayet stars cannot be efficiently detected with a broad-band optical survey because their low optical luminosities.
In addition to identifying failed SNe, the survey will produce valuable constraints on SN progenitors (once they fade) and is successfully measuring (or constraining) SN progenitor variability (Szczygie l et al. 2012b; Kochanek et al. 2017) . This is the largest survey of its kind and has already been used to constrain the late-time variability of both SN "impostors" (SN 1997bs; Adams & Kochanek 2015) and SN 2008S-like events (SN 2008S; Adams et al. 2016) , identify LBVs (Grammer et al. 2015) , help characterize dusty stars (Khan et al. 2015) , and to study the systematic problems in the Cepheid distance scale (Gerke et al. 2011; Fausnaugh et al. 2015) .
GKS15 presented constraints on failed SNe from the first 4 years of the survey and identified the first failed SN candidate. In Adams et al. (2017) we explore this candidate further and find that a failed SN forming a black hole remains the best explanation. Reynolds et al. (2015) also looked for failed SN candidates using archival HST data and found one potential candidate. In this paper we present updated results from this first observational search for failed SNe using the 7 years of data from the LBT survey. The outline of this paper is as follows: in §2 we describe the image subtraction and calibration of the data, in §3 we define the candidate selection, in §4 we discuss the SNe within the sample, in §5 we present the candidates, and in §6 we close with a discussion of the resulting measurement of the fraction of core collapses that result in failed SNe.
IMAGE SUBTRACTION AND CALIBRATION
We largely followed the procedures described in GKS15 for basic data reduction, image subtraction, and calibration. We continue to use the isis image subtraction package (Alard & Lupton 1998; Alard 2000) with the same astrometric reference images used by GKS15, but we created new reference images to be used for our stellar catalogs and image subtraction. The new reference images are generated from the best ∼ 20% of the first 6 years of data, whereas those in GKS15 were generated from the first 3 years of data. Consequently the new reference images generally have significantly better FWHM and higher S/N, which leads to cleaner image subtractions. We run the image subtraction pipeline on all epochs regardless of data quality, but only utilize epochs for which the seeing is <2 , the mean background counts are less than 30,000 (to eliminate observations taken during twilight), and the image subtraction scaling factor is greater than 0.4 (to eliminate observations taken through thick cirrus) for candidate selection and in the presented light curves. The light curves now also include an estimate of the systematic uncertainties based on the RMS photometry of light curves extracted from a grid of points within 10 of the target source after 3σ-clipping for each epoch. The procedure for photometric calibrations remains the same as in GKS15. It is based, when possible, on SDSS stars (Ahn et al. 2012 ) with the SDSS ugriz filter system transformed to the U BV RC system according to the prescription in Jordi et al. (2006) with Vega magnitudes and zero-points as reported by Blanton & Roweis (2007) . The handful of exceptions were calibrated as described in GKS15 and the Uband data for IC 2574, NGC 925, and NGC 6503 remain uncalibrated. Updating these remaining calibrations has been on hold pending the release of the PanSTARRS catalogs.
We improved on the masking procedure described in GKS15 by employing separate bad pixel masks to keep track of saturated pixels and the neighboring pixels they could effect during convolutions. This differs from GKS15 where the images themselves were masked. This change simplifies the treatment of the regions near saturated stars. We do not consider photometry from sources within 10 pixels of a saturated pixel or a pixel with no data. We do, however, track the continuing existence of all saturated sources.
CANDIDATE SELECTION
Following GKS15, we generate a master source catalog of "bright sources" with νLν > 1000 L in the reference image 1 and "RMS sources" (all sources detected with SExtractor in an RMS image generated from the subtracted images for each epoch) for each filter. We generate isis light curves for each of these sources. For a typical galaxy and filter these catalogs include ∼ 40, 000 "bright" sources and ∼ 2000 RMS sources. Typically there are ∼ 300 sources that are both bright and variable. We next generate an initial candidate list for each filter using the union of 4 criteria: 1) |∆νLν | > 10 4 L between all of the following image pairs: first and last, first and penultimate, second and final, and second and penultimate images (where the "second" image is chosen to be at least one month after the "first" image). The multiple image pairs help to eliminate false positives. For example, requiring a source to be brighter in two exposures eliminates asteroids, while requiring that the first two images are separated by at least a month eliminates most novae from the candidate selection. Requiring the source to be fainter in the last two images helps to eliminate other false positives such as eclipsing binaries and certain types of subtraction artifacts. We additionally require the change in flux between the first and last images to be greater than 10%, this helps to eliminate luminous variables that are still clearly present in the final image. Having the benefit of more epochs than GKS15 to help control for variable stars, we allow more flux in the final image for the initial candidate selection. The motivation being to identify failed SNe that occur within clusters.
2) ∆νLν > 10 5 L in at least two consecutive epochs and constrained to exceed this luminosity for 3 months to 3 years. This filter is intended to select transient events such as those predicted by Lovegrove & Woosley (2013) for a failed SN, as well as luminous core collapse SNe (ccSNe) and stellar mergers, but not novae or asteroids.
3) Saturated at some point, but with νLν < 10 4 L in the last two epochs. Photometry of saturated sources is not used in the first two candidate selection criteria, but if a source is saturated at some point and is then relatively faint in the final epochs, something clearly faded. This is intended to select SNe with poor temporal sampling that may cause them to be missed by criteria 2) (e.g., saturated in early epoch, but already faint in the following epoch that, in some cases, may be a full year later) and very bright stars that may be saturated before experiencing a failed SN, while not selecting bright stars fluctuating across the boundary of saturation depending on the seeing. 4) Any of the 235 sources that passed the first round of visual inspection in GKS15 that were not already selected by any of the above criteria. By revisiting all these sources we can try to recover any failed SN misclassified by GKS15.
We created a master list of the 3314 sources that were selected as candidates under any of these criteria in any filter, and two of the authors (SMA and CSK) independently visually inspected the image subtractions and first/last images of each source in each filter. The vast majority of sources were either artifacts (2447; poorly subtracted bright stars -often Galactic foreground stars with a detectable proper motion) or variable stars that exhibited repeated variability and/or were clearly detected in the final epoch. Only 89 sources survived this initial inspection and were then examined more closely with the aid of the computed light curve, leaving 15 candidates. Six of these candidates are known SNe we discuss in §4 and the remaining nine candidates for failed SNe are discussed in §5.
SUPERNOVAE
During the survey period analyzed (see Table 1 ), 6 corecollapse SNe (SN 2009hd, SN 2011dh, SN 2012fh, SN 2013ej, SN 2013em, and SN 2014bc) and 2 SNe Ia (SN 2011fe and SN 2014J) occurred in our galaxy sample. SN 2009hd (Monard 2009; Elias-Rosa et al. 2011 ) and SN 2011dh (Griga et al. 2011; Szczygie l et al. 2012a) were already discussed in GKS15.
SN 2012fh, a Type Ic SN in NGC 3344 (Nakano et al. 2012) , is not selected as a candidate because the SN had already faded below 10 5 L in each filter by the first postpeak epoch on 6 June 2013 and the progenitor flux was below 10 4 L in all four filters. SN 2013am, a low-velocity Type IIP in NGC 3623 (Nakano et al. 2013; Zhang et al. 2014) , was selected as a candidate by criteria 2) and 3), but has not yet faded below the progenitor luminosity. No luminosity constraints on the progenitor have been published. Likewise, SN 2013ej, a Type IIP in NGC 628 with signs of weak interaction (Kim et al. 2013; Bose et al. 2015) , was selected as a candidate by criterion 2), but has not yet faded below the progenitor luminosity. Archival HST imaging constrains the progenitor to be an M-type supergiant with 8 − 15.5 M (Fraser et al. 2014 ) and modeling of the SN light curve also suggests a RSG progenitor of 12 − 13 M (Huang et al. 2015) . The final SN to occur within the candidate selection window was SN 2014bc, a SN IIP in NGC 4258 (Smartt et al. 2014) . Being very close to the core of the galaxy, the source location is saturated in the B, V , and RC bands. The SN was selected as a "burst" candidate (criteria 2) in U -band, but is still brighter than the progenitor in this filter.
Of the 6 core-collapse SNe, only SN 2011dh would be selected as a failed SN candidate without a detection of the transient. For SN 2009hd, SN 2013am , and SN 2013ej the problem is simply that the SN has not yet faded significantly below the progenitor flux. SN 2014bc would not have been selected because the only bands in which the disappearance of the progenitor flux normally would have been detected are saturated at the SN's location near the host galaxy's core. The core collapse of SN 2012fh probably would not be identified in the absence of the SN because the stripped core progenitor was likely optically faint due to the large bolometric correction from the high temperature of the progenitor (see Fig. 1 in GKS15) .
Additionally, SN 2008S, which might have been a lowenergy SN Adams et al. 2016) , was caught during its outburst and selected as a candidate. We do not include in our analysis because the transient began a few months before the start of the survey. The number of SNe that occurred in our sample galaxies during the survey and our selection efficiency for them will be used in §6 to compute constraints on the rate of failed SNe.
CANDIDATES
Excluding these known SNe, nine candidates passed the second round of visual inspection (see Table 2 ). Among these nine candidates is the failed SN candidate already identified in GKS15 (which we hereafter will refer to as N6946-BH1) and the likely stellar merger PSN J14021678+5426205 (Goranskij et al. 2016; Blagorodnova et al. 2016 ). There are The baseline is the time from the second observation to the penultimate observation in the selection period. also six sources that fade too slowly to be promising failed SN candidates and one source that requires further observations to be deemed a promising candidate. We will discuss each of these sources below, but ultimately consider N6946-BH1 to be the only likely failed SN in the first 7 years of the survey.
N6946-BH1
The most promising candidate was previously announced in GKS15 and it is discussed in-depth in Adams et al. (2017) . Here we will only briefly summarize the candidate. It is located in NGC 6946 at RA 20:35:27.56 and Dec +60:08:08.29.
The progenitor was a ∼ 25 M RSG which can be traced back to 1999 in archival data from other sources. After a ∼ 10 6 L outburst in 2009, it disappeared from the optical within a few months. It faded more slowly in the IR, but the bolometric luminosity now appears to be significantly fainter than the progenitor. In Adams et al. (2017) , we support the conclusion of GSKS15 that this source is a promising failed SN candidate. We present new HST imaging confirming the optical disappearance of the progenitor and find that a surviving star cannot be hidden by simple models of dust formation in material from a mass loss episode or wind. We propose that the long IR transient may be fallback accretion onto a newly formed black hole obscured by dust that has formed in the ejected envelope of the progenitor. An Xray detection would confirm this candidate as a failed SN, but the weakly-ejected envelope may prevent such a detection. Ultimately, observations with the James Webb Space Telescope may be needed to confirm that a surviving star is not hidden by cold dust.
PSN J14021678+5426205
One of the sources identified as a candidate is PSN J14021678+5426205, which is believed to have been a stellar merger in M101 (Goranskij et al. 2016; Blagorodnova et al. 2016) . PSN J14021678+5426205 satisfied all 3 of the criteria for new candidates (∆νLν < −10 4 L , νLν > 10 5 L for between 3 months and 3 years, and saturated at some point but νLν < 10 4 L in the final two epochs; see Fig. 1 and 2 ). The survey data showed that a luminous (10 5.3 L , 7500 K) progenitor was variable prior to mid-2012 and then steadily brightened. In the final pre-transient epoch it brightened dramatically in V and R but faded in U (Gerke et al. 2015a) . After a > 10 6 L eruption the progenitor disappeared from the optical but became a very bright mid- IR source (Blagorodnova et al. 2016) . At late-times the IR flux still exceeds the bolometric luminosity of the progenitor. The slow luminosity rise and cooling photosphere, followed by a cool optical transient, profuse dust formation, and a long IR transient are all characteristic of a stellar merger (Crause et al. 2003; Pejcha et al. 2016a,b; MacLeod et al. 2016 ).
Although it is clear that PSN J14021678+5426205 is not a failed SN, it does raise the question of whether other, fainter stellar mergers missed by SN surveys (and thus without spectroscopy and well-sampled light curves) may be identified as a failed SN candidate. Without data beyond the LBT survey, PSN J14021678+5426205 would remain a possible failed SN candidate. This illustrates the importance of acquiring late-time mid and near-IR photometry for any failed SN candidate (as we do for N6946-BH1 in Adams et al. 2017) .
How many mergers might we expect in our survey? Using the empirical relation found by Kochanek et al. (2014) between stellar mass and merger luminosity, a stellar merger involving an 8 M (25 M ) RSG progenitor would have a peak magnitude of MV ∼ −10.1 (MV ∼ −13.7). This corresponds to apparent magnitudes of mV ∼ 17.3 − 20.0 (mV ∼ 13.7 − 16.4) at the distances of the galaxies in our sample. Given that the sample galaxies are popular targets of amateur SN hunters and have also been monitored with professional SN surveys (CRTS, PTF, ASAS-SN, and MAS-TER) for the majority of the survey period, we would expect nearly all mergers involving massive stars in the closer galaxies to be discovered, as well as a majority in the most distant galaxies in the sample. Scaling from Kochanek et al. (2014) we would expect 3.4 +8.6 −2.6 mergers per century in a Milky Way-like galaxy. Assuming stellar mass is proportional the absolute B-band magnitude of a galaxy and adopting the B-band magnitude of the Andromeda Galaxy for that of the Milky Way, the typical galaxy in the LBT sample has a merger rate of ∼ 1/3 the Galactic rate. Thus, we would expect 2.1 +5.4 −1.6 mergers with peak luminosities of MV ≤ −10 in the survey, consistent with PSN J14021678+5426205 being the only likely candidate for a merger in the data.
Slowly Declining Sources
Six candidates disappear in the optical after slowly fading over the course of several years. We briefly present each one and then discuss why these slowly fading candidates are unlikely to be failed SNe.
• N2903-SF1 is in NGC 2903 at RA 09:32:11.90 and Dec +21:29:00.5. This bright source in a crowded region faded by ∼ 10 5 L roughly continuously over the survey period (Fig. 3) . Although no obvious source remains in the final LBT epoch (Fig. 4) , a source is still resolved in an epoch on 27 November 2014 that had exceptionally good seeing. Archival HST imaging from 1994 (PI: J. Trauger, GTO-5211) and 2004 (PI: L. Ho, SNAP-9788) shows an isolated point-source coincident with the LBT source.
• Another source in NGC 2903 located at RA 9:32:08.84 and Dec +21:31:36.2, N2903-SF2, faded ∼ 2 × 10 4 L over the first 3 years of the survey (Fig. 5) . There is still flux at the source location in the final LBT epoch but it is unclear whether it is associated with a surviving star since the progenitor was located in a crowded field (Fig. 6) • N5194-SF1 is in NGC 5194 at RA 13:29:50.60 and Dec +47:10:50.6. This source faded in RV B by >10 5 L over four years (Fig. 7) . There is also flux at this source's location in the final LBT epoch, but it was not eliminated in the visual inspection because it is unclear whether the flux is from a surviving star or the cluster in which the progenitor resided (Fig. 8) . Archival HST F 275 and F 336 imaging from 11 September 2014 (PI: S. van Dyk, GO-13340) reveals a bright UV source at the source location.
• N6503-SF1 is in NGC 6503 at RA 17:49:32.66 and Dec +70:08:09.0. This source produced a >10 5 L transient that lasted at least 5 months and possibly longer than 6 years (depending on whether the first epoch was the quiescent source or part of the outburst; Fig. 9 ). The transient is much hotter than expected for a stellar merger. In the final LBT epoch there is likely a remaining source, but given the crowded nature of the environment this is not conclusively a single surviving star (Fig. 10) . However, in archival HST data from 21 August 2013 (PI: D. Calzetti, GO-13364) there is clearly a bright point source remaining.
• N6946-SF1 is located at RA 20:34:14.29 and Dec +60:03:01.1 and it faded over the entire duration of the survey from an initial luminosity of ∼ 2 × 10 4 L to < 10 4 L (Fig. 11) . The R band flux increased modestly above its minimum for the final two epochs and a source is still detected in the final R band image (Fig. 12 ).
• Another source in NGC 6946 located at RA 20:35:11.32 and Dec +60:08:49.2, N6946-SF2, faded by ∼10 4 L over the first 2 years of survey before remaining roughly constant for the last 6 years (Fig. 13 ). There appears to be a remaining source in the final LBT epoch, although the field is very crowded (Fig. 14) . There is also a bright near-IR source in HST data from 9 February 2016 (A. Leroy, GO-14156).
Although there is recent HST data for some of these candidates that show a surviving star, in other cases there is no HST data and it is difficult to rule out the disappearance of a star using only ground-based imaging. Still, the long times scales provide a physical reason to reject these sources. In the failed SN model of Lovegrove & Woosley (2013) the loss of gravitational binding energy from the neutrino emission at the time of core-collapse can result in the ejection of the weakly-bound hydrogen envelope of a RSG. Without radioactive ejecta, a transient associated with the ejecta can only be powered by recombination, leading to strict limits on the luminosity and lifetime of any associated transient. Popov (1993) showed that the duration of (1) where κ is the opacity (which, before recombination, is dominated by electron scattering), Mej is the ejected mass, R * is the radius of the progenitor star, E is the explosion energy, and Tion is the effective temperature of recombination. Setting E = (2) where M * is the pre-explosion mass of the progenitor and vej is the ejecta velocity. The ejecta velocity should be larger than ve, but to estimate the maximum duration of a transient powered by recombination we set vej = ve and Mej to the mass of the hydrogen envelope of the SN progenitor.
Similarly, Popov (1993) showed that the luminosity of the recombination-powered plateau phase, Lp, is
Recasting Eqn. 3 in terms of the escape velocity, this becomes
The results using the properties of the SN progenitors in Sukhbold et al. (2016) are shown in Fig. 15 . These analytical estimates are roughly consistent with the numerical results of Lovegrove & Woosley (2013) for failed SNe arising from 15 and 25 M progenitors. Essentially, such a recombination-powered transient should have a luminosity ∼ 10 6 L and not last much longer than ∼ 1 yr. At late-times the optical emission will also be truncated by dust formation in the dense ejecta (Kochanek 2014a) , further limiting the optical lifetime. Thus, we do not consider any of these candidates that have luminosities that decline over multiple years to be promising failed SN candidates (see Table 2 ).
In addition to these six sources that were selected as failed SN candidates there were an additional 114 sources that slowly faded by >10 4 L over the entire duration (∼ 7 yr) of the survey, but were not selected as candidates because an unambiguous point source remained in the final epoch. We also identified 116 sources that did the reverse -gradually brightening by >10 4 L over the entire survey duration.
These slowly fading (and brightening) stars are very rare ( ∼ < 10/galaxy) and no other survey has monitored (with multi-band photometry) so many massive stars over a similar time baseline. Stars in the Large and Small Magellanic Clouds (and the Galactic bulge) have been monitored in V and I bands for roughly a decade by the OGLE survey. In the Large Magellanic the closest analogs are two stars that slowly fade ∼ 0.3 mag over ∼ 5 yr and then brighten over the next ∼ 5, and another star that is roughly constant for ∼ 6 years before gradually brightening ∼ 1 mag over the last ∼ 4 yr ( present stars in the Small Magellanic Cloud that steadily fade (or brighten) ∼ 0.2 mag over ∼ 8 years. The slowly fading sources we have identified are notable in that the stars are much more luminous and the fractional change in the luminosity is also much larger. In some cases the luminosity changes may be due to increasing optical depths due to increased dust formation, but in many of the cases the sources are blue and are fading roughly achromatically (in U BV RC ). Such achromatic changes in the optical could be the result of a changing bolometric correction of a very hot T * ∼ > 2 × 10 4 K star (e.g., an O star or Wolf-Rayet star). We note that two of the slowly brightening sources in M101 have already been identified as luminous blue variables (Grammer et al. 2015) .
N925-OC1
The remaining candidate is N925-OC1, which is located at RA 2:27:21.88 and Dec +33:34:05.0. The R band luminosity dropped by ∼ 10 4 L between successive epochs on 27 November 2014 and 12 October 2015 (Fig. 16) . The source is in a crowded region and though there is still flux in the final epoch it is unresolved and it is unclear whether it is from a surviving star (Fig. 17) . There is no archival HST data, but there are 13 Spitzer Space Telescope epochs between 13 August 2004 and 14 May 2016 that reveal a flux of νLν ∼ 8 × 10 4 L at 3.6µm and ∼ 4 × 10 4 L at 4.5µm coincident with the progenitor that appears to decrease by ∼ 10% when the R band luminosity dropped. The observed decline in optical and IR flux is consistent with the disappearance of a L * ∼ 10 4.7 L star with T eff ∼ 3500 K and a modest amount of circumstellar dust (τV ∼ 0.4), which would correspond to an initial mass of ∼ 10 M . However, we note that this source has been at its observed minimum for only 3 epochs over 3 months, increasing the likelihood that it could be a false positive. Given that the survey has identified several similar sources in crowded fields where a surviving star is undetected with the LBT's resolution but is clearly resolved with HST imaging, we presently consider this source a likely variable rather star than a failed SN. Additional monitoring with the LBT is needed to further vet this candidate before pursuing more expensive follow-up with space-based observations.
RATE OF FAILED SUPERNOVA
We view N6946-BH1 as the only probable failed SN identified thus far by the survey. During the selection window there have been NSN = 6 successful ccSNe. If we assume the survey is complete for both successful and failed SNe, then the fraction of core-collapses resulting in failed SNe, f , is simply given by the binomial distribution
where NFSN is the number of failed ccSNe within the survey and the normalization is set by 1 0 P (f )df ≡ 1. For NFSN = 1 and NSN = 6 the median fraction of failed core collapses is 0.143 with a 90% confidence interval of 0.046 ≤ f ≤ 0.471 (see Fig. 18 ).
However, the survey's completeness to failed SNe is naturally lower than the completeness for successful SNe. For example, the Type IIP SN 2014bc was in the saturated core of NGC 4258 and likely would have been missed by our survey if the core-collapse had instead been a failed SN. As already noted in GKS15, we will be incomplete for failed SNe with optical (U BV RC) luminosities ≤ 10 4 L , which will exclude the lowest mass systems to undergo core collapse (M ∼ < 9 M ) and hot, stripped progenitors (M ∼ > 30 M ). The survey is, however, very sensitive to the more massive RSGs that are most likely associated with failed SNe.
The main goal of the survey is to answer the question of the missing high-mass RSG progenitors. For these progenitors the main causes of incompleteness are likely events occurring near the cores of galaxies where our R band imaging is saturated and possibly failed SNe occurring within compact, unresolved clusters that we mistake for a surviving star. Out of the 6 SNe in the sample, one occurred within a luminous cluster (SN 2012fh; Fraser et al. 2012) . Because this was a SN Ic with an optically faint progenitor we cannot use the event to directly test whether a failed SN from RSG at this position would have been selected as a candidate. Thus, though we have chosen to present our failed SN fraction based on observing 6 luminous SNe in the sample, it arguably could be based relative to 4 or 5 SNe to account for incompleteness to failed SNe. At this point in the survey, however, Poisson fluctuations in the numerator are far more important than the exact completeness fraction. If N6946-BH1 is ultimately rejected as a failed SN, the upper limit on the failed SN fraction is f < 0.35 at 90% confidence. These constraints are a significant improvement over the earlier ones reported by GKS15 and are the best direct measurements of the failed SN fraction. For comparison, the combination of the Galactic SN rate with the absence of any neutrino detections (Alexeyev & Alexeyeva 2002; Ikeda et al. 2007 ) of a failed SN over the last ∼3 decades yields the much weaker constraint that f ≤ 0.69 (at 90% confidence; Adams et al. 2013) . Indirect constraints from the missing RSG progenitors suggest that f ∼ 0.2 − 0.3 and the black hole mass function can be explained by 0.09 ≤ f ≤ 0.39 (Kochanek 2015) . Our direct constraints are consistent with these estimates.
The LBT survey is expected to continue for at least 3 more years (for a minimum total duration of 10 yr) and there has already been one additional SN in NGC 3627 (ASASSN16fq; Bock et al. 2016; Kochanek et al. 2017 ) since the end of the candidate selection window. Based on both historical SN observations and the SNe that have occurred during the survey, the SN rate of the galaxies we are monitoring is ∼ 1/yr (GKS15). Accordingly, the expectation by the end of the survey will be to have the failed SN fraction constrained within ∼ 15% and know whether failed SN explain the missing RSG SN progenitors and the black hole mass function. Figure 18 . Probability for the fraction of core-collapses that become failed SNe if there are N FSN = 0 (dotted) or N FSN = 1 (solid) failed SNe in our sample. The dashed line shows the constraints from combining the historical Galactic SN rate with the non-detections of neutrinos from a Galactic ccSN (Adams et al. 2013) . The black hole mass function suggests 0.092 < f < 0.39 (Kochanek 2015) as shown by the lightly shaded region, and the RSG problem is solved if f ∼ 0.2 − 0.3 as shown by the darkly shaded region.
